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This article discusses the possibility of graphene functionalization by the deposition of carbon atoms with different degrees
of hydrogenation and the effect of hydrogenation on the probability of precipitation using computer simulation. According
to the results of computer simulation, the binding energy of the single carbon atom, methine, methylene and methyl is more
than 1 eV. This corresponds to chemisorption, which means that the chemical bonds are generated due to unpaired valent
electrons of the incident particles and defect-free graphene. Methane does not have unpaired valent electrons and in the range
of investigated deposition energies its chemisorption on graphene is not observed. The free carbon atom with various degrees
of its hydrogenation is considered: methane CH, methylene CH,, methyl CH, and methane CH,. It is established that if the
deposited particles C, CH, CH, and CH, form a bound state with graphene, these particles are located near the characteristic
points with a different probability of location above graphene at these points. The processes of deposition of hydrogenated and
non-hydrogenated carbon atoms with kinetic energies of 1.0, 1.2, 1.5, 2.3 and 3.1 eV on graphene are studied. It is found that the
processes of deposition of non-hydrogenated and hydrogenated carbon atoms on defect-free graphene depend on the degree
of hydrogenation of the carbon atom: the more hydrogenated the carbon atom is, the less its probability of chemisorption on
graphene. Methane, as a fully hydrogenated carbon atom, does not chemisorb on graphene at deposition energies from 1 to
3.1 eV. It is also observed that the maximum probability of chemisorption of C, CH, CH, and CH, on graphene took place at
deposition energy of about 2.3 eV.

Keywords: carbon atom, hydrogenation, defect-free graphene, deposition energy, computer simulation, Brenner potential, chemisorption
probability, molecular dynamics.
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B aroit crarbe 0oOcCyXxjaeTcad BO3SMOXXHOCTb (YHKIVMOHa/IM3aluy rpadeHa ocakieHMeM aTOMOB VIVIEpOfia C pasHON
CTENEeHbIO TUAPUPOBAHNS VM BIMSHME TMAPUPOBAHUS Ha BEPOSTHOCTb OCLKIEHMUS C VMCHIONb30BaHMEM KOMIIBIOTEPHOTO
MopenipoBanys. COITIaCHO pe3y/IbTaTaM KOMIIBIOTEPHOI'O MOJeVMPOBAHNA, SHEPIUA CBA3U ONVHOYHOIO aToMa YIJIEpOfia,
MeTUHa, MeTWIeHa U MeTIIa cocTaBiAeT 6ojee 1 9B. DTO cOOTBETCTBYeT XeMOCOPOLVM, YTO O3HAYALT, YTO XUMUIYECKUe
CBA3Y 00PasyloTCs 3a CYeT HeCIIapeHHBIX BaJICHTHBIX 9IeKTPOHOB IAfIAloIUX yacTul u 6esnedexTHoro rpadena. Meran
He MMeeT HeCllapeHHbBIX Ba/IEHTHBIX 97IEKTPOHOB U B MCCTIE[JOBAHHOM JiMalla30He 9HEPIMiT OCAK/EHNUS ero XeMoCcopOust Ha
rpadeHe He HabmogaeTca. PaccMarpuBaeTcs CBOOOHBIN aTOM YITIepOfa ¢ Pas/IMYHON CTeIIeHbIO ero IMAPUPOBAHIIA: MEeTaH
CH, metnnen CH,, metun CH, n metan CH,. YcranoBneno, aro ecnu ocaxpaembie qactuupl C, CH, CH, m CH, 00pasyioT
CBsI3aHHOE COCTOsIHYE C rpadeHOM, TO TI YaCTUIIBI PACIIONAraloTCsl BOMM3M XapaKTEPHBIX TOYEK C Pa3HOI BEPOSATHOCTHIO
HaXOX/IeH!:A B 9TUX TOYKAX HaJ| rpadeHoM. VI3y4eHbl IPOLecchl OCAX/EHNA IMAPMPOBAHHBIX Y HETUIPYPOBAHHBIX aTOMOB
yIaepoga ¢ KuHeTndeckumu sHeprusamu 1.0, 1.2, 1.5, 2.3 u 3.1 3B Ha rpadeH. YcTaHOBIEHO, YTO IIPOLECCH OCaXKAEHNA
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HETM/PYPOBAHHBIX VM TMPMPOBAHHBIX aTOMOB yIleposia Ha 6e3fiedpeKTHBIN rpadpeH 3aBUCAT OT CTEHEHM TUAPUPOBAHUA
aToMa yriepoyia: yeM 6ojee TMAPUPOBAH aTOM YITIEPOfia, TeM MeHbIIIe BEPOATHOCTD €ro XeMocopbuun Ha rpadene. MeraH,
KaK ITOJTHOCTBIO TU/IPUPOBAHHBII aTOM YIJIEPOJa, He XeMOCOpOupyeTcs Ha rpadeHe TPy 9HEPTUAX ocaxaeHus ot 1 1o 3.1 3B.
Taxoke HabmiofjaeTcs, 4TO MakcUMasbHas BepoATHOCTH Xemocopbuun C, CH, CH, n CH, na rpadene umeer mecto mpu

SHEepPIUM OCaXKIeHNA OKoo 2.3 9B.

KmoueBpie croBa: aToM yriepopa, ’nipupoBaHiue, 6esfedeKTHblil rpadeH, SHeprua 0CcaKieHnA, KOMIIbIOTEpPHOE MOJE/IPOBaHIe,
ITorennnan bpeHHepa, BepOATHOCTb XeMOCOPOLINH, MOTEKY/IApHAs HMHAMMKA.

1. Introduction

The defect-free graphene is a two-dimensional hexagonal
carbon crystal lattice with a distance between the nearest
atoms of 1.42 A represents a very special object [1]. The
structure of graphene is very stable at given conditions with
a very strong interaction between each carbon atom [2,3].
Each carbon atom in graphene is bonded to three adjacent
carbon atoms through a o-bond. The remaining p-electrons
most likely form a m-bond with the surrounding atoms, and
the bonding direction is perpendicular to the graphene plane.
When the electrons of graphene move in the internal orbit,
there is no scattering phenomenon due to the interference of
inclusion atoms or lattice defects [4, 5].

At the same time, the adsorption of additional atoms or
molecules to the defect-free graphene changes and extends
its properties. Graphene with such additional objects is
functionalized graphene. To date, graphene was studied to
be doped with various heteroatoms to obtain better work
functions for the field-emission [6] or high-performance
catalytic activator [7] and perfect electrode material [8].
Graphene can be functionalized with metal oxides to change
the surface properties of graphene for wide applications such
as nano-devices [9] and efficient catalysts for reactions [10].

Generally, nanotechnology always proves that it can
control the assembling processes of different chemical
structures at nanoscale materials [11]. Therefore,
nanomaterials are often observed to emerge among the focus
of advanced research [12,13]. Graphene can be functionalized
by attaching carbon atoms, dimers and trimers, CH, and
CO, molecules [14-18]. Recently, numerous research has
been conducted on graphene doped with other elements,
molecules, or organic materials [19-22]. Doping is the most
feasible method to control the semiconducting properties
in the conventional semiconductor community. The B and
N atoms are the natural candidates for doping in graphene
because of their similar atomic size as that of C and of their
hole acceptor and electron donor characters for substitutional
B- and N-doping, respectively. The substitutional doping
is also a useful method to open bandgap of graphene as
proved by the theoretical work about B-, N- and Bi-doping
in graphene [23].

An attractive material for hydrogen storage is graphene
[24 - 26], which comprises single sheets of carbon allotropes in
a 2D hexagonal lattice with a large surface area. The reversible
hydrogenation/dehydrogenation cycles in graphene [26],
along with the fact that it can be easy modified, makes it a
potential candidate for the hydrogen storage application [27].

In the present work, molecular dynamics simulation is
applied to study the functionalization of graphene by depositing
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carbon atoms with different degrees of hydrogenation on
graphene as well as the effect of hydrogenation on a deposition
probability.

2. Simulation details

The initial structures are obtained with the help of the
JMOL program and by the energy minimization method
the structure given into thermodynamic equilibrium. The
calculations used the second generation Brenner potential
(REBO), which can very well describe carbon and hydrogen-
carbon structures [28]. As was shown in [29-32], this
potential describes very well the carbon-carbon interaction.
Its fitness in describing hydrocarbon systems is shown. The
binding energy, the bond length and the bond angles of some
hydrocarbons as calculated by the modified Brenner potential
agree very well with available experimental and other
theoretical data. The computer models of the free carbon
atom with different degrees of its hydrogenation, namely,
methine CH, methylene CH,, methyl CH,, and methane
CH, are built. An example of all the considered molecules
adsorbed on graphene is presented in Fig. 1. According to the
computer simulation, the distance between atoms in methine
is 1.09 A, cohesion energy of hydrogen atom is 2.263 eV. In

CH,

CH,
b

CH,

Fig. 1. (Color online) Graphene square-shaped defect-free simulation
cell with the absorbed hydrogen atom (methine) (a). Part of the
simulation cell with methylene, methyl and methane. The gray
circles are carbon atoms; the red circles are hydrogen atoms and blue
circle is the carbon atom with absorbed hydrogen (b).
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methylene, hydrogen atoms are situated on one line on the
opposite sides from a carbon atom by 1.105 A distance from
a carbon atom, and hydrogen atoms cohesion energy is equal
to 2.117 eV. Methyl represents a planar rectilinear triangle
in the middle of which a carbon atom is situated and in the
corners hydrogen atoms are located. The distance between
carbon and hydrogen atoms is 1.093 A, and hydrogen atom
cohesion energy is 2.229 eV. Methane represents a rectilinear
solid tetrahedron [33], with a carbon atom in the middle and
hydrogen atoms in its corners. The distance between carbon
and hydrogen atoms is 1.089 A and hydrogen atom cohesion
energy is equal to 2.273 eV.

To carry out computer modeling, the Brenner’s Code
program was used [34]. A computer model of the square-
shaped defect-free graphene composed of 112 carbon atoms
is also built by the energy minimization method with the
use of Brenner potential. Periodic boundary conditions are
applied for the graphene plane. Simulation cell normal to
graphene plane is considerably bigger to allow movement
of molecules and simulation of the adsorption process.
Further, interaction forces between graphene and molecules
are introduced at T=0 K. In the process of thermalization,
a Nose-Hoover thermostat, NPT ensemble and the heating
time at 300 K were used. As a result, a two-dimensional
graphene lattice (Fig. 1a) with the lattice parameter 1.42 A
and cohesion energy of each carbon atom equal to 7.395 eV
is observed. These lattice parameters are characteristic of
sp* hybridization of carbon bonds in graphene and are in
excellent agreement with experimental data [35].

After the computer models of the free hydrogenated
molecules CH, CH,, CH,, CH, and defect-free graphene are
built, structures are heated up to 300 K. Then, the deposition
of hydrogenated and dehydrogenated carbon atoms on the
graphene surface at kinetic energies of 1.0, 1.2, 1.5, 2.3, and
3.1 eV was carried out using molecular dynamics methods.
As this process is statistical at room temperature, the site
of the deposited molecule on graphene at each deposition
energy is studied for 100 numerical runs. Process of
deposition of the molecule is random. The initial orientation
of CH, CH,, CH,, CH, molecules relative to graphene is also
assigned randomly.

3. Results and discussion

According to the results of computer simulation, the
binding energy of the single carbon atom, methine,
methylene and methyl is more than 1 eV. This corresponds
to chemisorption, which means that the chemical bonds are
generated due to unpaired valent electrons of the incident
particles and defect-free graphene. Methane does not have
unpaired valent electrons and in the range of investigated
deposition energies its chemisorption on graphene is not
observed. Methane physical adsorption probability, when
binding energy smaller than 1 eV was discussed in detail
in [5] by density functional theory methods. The deposited
particles C, CH, CH,, CH, binding probability dependencies
are presented in Fig. 2. One can see that these dependencies
increase with the deposition energy growth to 2.3 eV and
depend on the carbon atom hydrogenation degree: the more
the hydrogenation degree the smaller the binding probability.
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Fig. 2. (Color online) The binding probability of the atom/molecule
deposition on graphene as the function of deposition energy.

By means of statistical analysis of the dehydrogenated
and short hydrogenated carbon atom deposition probability
P dependence from number of its unpaired valent electrons
N, it is established that this dependence at fixed deposition
energy is linear — P(N)=A-N+C, where A and C are
constants dependent on deposition energy. Their numerical
values are presented in Table 1.

Table 1. Linear approximation parameters of the dehydrogenated
and short hydrogenated carbon atom deposition probability P
dependence from number of its unpaired valence electrons.

Deposition A eV Cev Maximal rele'ttive .error of
energy, eV the approximation, %
1.0 23.3 0 4.9%
1.2 18.0 25.7 4.0*
1.5 10.7 53.5 2.5
2.3 3.2 85.0 1.5
3.1 2.8 83.5 3.5

*Methyl deposition probability is not taken into account in this
approximation.

Isalso found, thatin the cases when the deposited particles
are formed the bound state with graphene, these particles are
situated near the characteristic points A, B, C and D. Besides,
a varying probability exists for bound particle to be situated
in these points above the graphene (Table 2). Point A is one of
the graphene atoms, point B is the exact middle between two
nearest-neighbor graphene atoms, point C is the hexagonal
geometric middle, point D is situated between A and C points
(Fig. 3).

The results show that the interaction of interest occurs
only above points A and B. The impact of oscillatory motions
can be estimated from the results shown in Table 2, which
show a nonzero (and non 100%) probability, which indicates
the influence of temperature on the scattering process. In
the absence of the temperature influence, the values in the
columns would be close to 0 or 100% (for points A and B).
For points C and D, the impact of temperature is weak, which
is explained by the small amplitude of thermal oscillations of
atoms by comparison with the bond length.
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Table 2. The number of C, CH, CH, and CH, molecules that are chemically bonded above the graphene characteristic points. Results
are averaged over 100 simulation runs. The highest probability of particles bound on graphene was observed at point A and the lowest

probability at point E.
The deposited Above the point A Above the point B Above the point C Above the point D
particle energy, eV C CH | CH, | CH; | C CH | CH, | CH; | C CH | CH, | CH; | C CH | CH, | CH,
1.0 76 61 42 0 7 6 7 0 7 0 0 0 4 0 0 0
1.2 92 78 49 14 3 5 11 0 0 0 0 0 0 0 0 0
1.5 93 66 57 65 1 21 16 0 0 0 0 0 0 0 0 0
2.3 93 57 71 89 3 36 19 0 0 2 0 0 0 0 0 0
3.1 84 49 64 88 8 35 24 0 3 5 0 0 1 1 0 0
2. Y. Zhang, Y.-W. Tan, H. L. Stormer, P. Kim, et al. Nature.

Fig. 3. Points A, B, C and D are the graphene characteristic points
which are closely located to the fixed C, CH, CH, n CH, particles
after their deposition on graphene.

4., Conclusion

In conclusion, it was found by molecular dynamics simulation
that the deposition processes of the hydrogenated and
dehydrogenated carbon atoms on defect-free graphene
depend on the degree of hydrogenation of carbon atoms. It was
shown that the higher the hydrogenation degree of the carbon
atom, the smaller its chemisorption probability on graphene.
Methane as a fully hydrogenated carbon atom does not
undergo chemisorption on graphene at deposition energies
from 1 to 3.1 eV. We also established that in the cases when
the deposited particles formed the bound state with graphene,
then these particles are situated near the characteristic points
A, B, Cand D. Besides, a varying probability exists for a bound
particle to be situated in these points above the graphene. It
was also established that the maximum probability of C, CH,
CH, and CH, chemisorption on graphene must be observed at
their deposition energy near 2.3 eV.
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